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ConductometryAbstract The complexation reaction between UO2þ2 cation and the macrobicyclic ligand
C18H36N2O6 was studied in acetonitrile–dimethylformamide (AN–DMF), acetonitrile–tetrahydro-
furan (AN–THF), acetonitrile–dichloromethane (AN–DCM) binary solvent solutions at different
temperatures using the coductometric method. In most cases, C18H36N2O6 forms a 1:1 [M:L] com-
plex with the UO2þ2 cation. But in some of the studied solvent systems, in addition to formation of a
1:1 complex, a 1:2 [M:L2] complex is formed in solution. A non-linear behavior was observed for
changes of logKf of the (C18H36N2O6ÆUO2)
2+ complex versus the composition of the binary mixed
solvents. The sequence of the stability of the (C18H36N2O6ÆUO2)
2+ complex in pure solvent systems
at 25 C decreases in the order: AN> THF>DMF. In the case of binary solvent solutions, the
stability constant of the complex at 25 C was found to be: AN–DCM>AN–THF> AN–
DMF. The values of thermodynamic quantities (DS

c ;DH

cÞ, for the formation of the complex were
obtained from temperature dependence of the stability constant of the complex using the van’t Hoff
plots. The results show that in all cases, the complex is both entropy and enthalpy stabilized and
both of these parameters are affected by the nature and composition of the mixed solvent systems.
ª 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Uranium is a radioactive metal that exists ubiquitously in the
environment (Gongalsky Konstantin, 2003). Since uranium isone of the main sources in nuclear energy generation and
enriched uranium is a major component in nuclear weapons,
human beings have a high chance of being exposed to
uranium, which can cause severe effects on human health
(Craft et al., 2004; Zhou and Gu, 2005). A large amount of
uranium in drinking water may lead to harmful biological ef-
fects in humans. Chemical toxicity caused by natural uranium
poses a major risk to the kidneys. Also it is important to mon-
itor the concentration of uranium at various stages of prepara-
tion of uranium dioxide fuel pellets (Murty et al., 1997) and
also in the environment safety assessment related to the nucle-
ar industry (Miller et al., 1994). For these reasons, detection of
Figure 1 Structure of kryptoﬁx 222.
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commonly associated with oxygen as the uranyl ion, UO2þ2 .
Thermodynamic studies on the complexation of
C18H36N2O6 with the UO
2þ
2 cation have been performed in or-
der to elucidate the nature of the cation-binding behavior from
the thermodynamic point of view and also to gain insights into
the factors governing cation–ligand complexation phenomena
(Davidson et al., 1984; Matthes et al., 1987; Arnold et al.,
1987; Adamic et al., 1985, 1986). The ability of the solvent mol-
ecules to compete with the donor atoms of the ligand toward the
cation, is one of the critical factors that can thermodynamically
inﬂuence the complexation process (Solov’ev et al., 1996).
In order to achieve appropriate solvent properties, mixtures
of two solvents are often used. The physiochemical properties of
mixed solvents are interesting both from theoretical and practi-
cal points of view, because many chemical and electrochemical
reactions might be carried out advantageously in these media.
Usually mixed solvents do not behave as expected from statisti-
cal considerations; the solvating ability of solvents in their mix-
tures can be different from those of neat media. The deviations
from ideal behavior are indicative of the extent of preferential
solvation and the existence of speciﬁc solvent–solute and sol-
vent–solvent interactions (Kinisinger et al., 1973; Burger, 1983).
Ion–solvent interactions play a very important role in the
studies of stoichiometry, structure, and the stability of metal
cation complexes with crown ethers. Knowledge of the iono-
phore solvation properties enables one to choose a suitable
solvent for complexation studies and to obtain detailed infor-
mation on the solvent effect. To control the chemical reactions
in non-aqueous and mixed solvents, it is necessary to select an
appropriate solvent (Marcus, 1985). This is a complicated
problem because of an exceptionally great variety and speciﬁc-
ity of chemical reactions in solutions. Recently, we have inves-
tigated the complexation processes of crown ethers with
various metal cations in pure and some binary mixed organic
solvent solutions (Rounaghi and Mohammad Zadeh Kakhki,
2009; Rounaghi et al., 2008, 2001, 2011; Razghandi et al.,
2011; Shamsipur and Khayatian, 2001).
Uranium is at the heart of commercial nuclear power and is
vital to the entire nuclear enterprise. Its presence and use
worldwide has resulted in a vast literature, not only on ura-
nium complexation and separation reactions, but also on all
aspects of the uranium fuel cycle, mining and, milling, isotope
enrichment, reactor fuel manufacturing and spent reactor fuel.
The uranyl ion UO2þ2 is the most common uranium ion in
aqueous media. Uranyl ion complexes extract readily into
organic solvents. This is the basis of the widely used purex pro-
cess for reprocessing spent nuclear reactor fuel reprocessing
and weapons production.
In the present work, we studied the complexation process
between C18H36N2O6 (Fig. 1) and the UO
2þ
2 cation in pure
acetonitrile, tetrahydrofuran, dichloromethane and dimethyl-
formamide and also in acetonitrile–tetrahydrofuran
(AN–THF), acetonitrile–dichloromethane (AN–DCM) binary
mixtures at different temperatures using the conductometric
method.
2. Experimental
C18H36N2O6 (Merck) and UO2(NO3)2Æ6H2O (Riedel company)
were used without further puriﬁcation. The solvents: acetoni-trile, dimethylformamide, dichloromethane, tetrahydrofuran,
all from (Merck), were used with the highest purity.
The experimental procedure to obtain the formation con-
stant of the complex was as follows: a solution of metal salt
(1 · 104 M) was placed in a titration cell and the conductance
of the solution was measured, then a step-by-step increase in the
C18H36N2O6 concentration was performed by a rapid transfer
of C18H36N2O6 solution in the same solvent (2 · 103 M) to
the titration cell, using a microburette and the conductance of
the resulting solutionwasmeasured after each step at the desired
temperature. The conductance measurements were performed
on a conductivity meter LF (model 538) in a water bath (Julabo
model F12) thermostated at a constant temperature maintained
within ±0.01 C. The electrolytic conductance was measured
using a cell consisting of two platinum electrodes to which an
alternating potential was applied. A conductometric cell with
a cell constant of 0.84 cm1 was used throughout the studies.
3. Data analysis program
The 1:1 complexation of a metal cation, Mn+, with a macrobi-
cyclic ligand [L] is represented by the following equilibrium:
Mnþ þ L¡MLnþ ð1Þ
The corresponding equilibrium constant, Kf, is given by:
Kf ¼ ½MLnþ fnþML=½Mnþ fnþM  ½L fL ð2Þ
where [MLn+], [Mn+] and [L] represent the equilibrium molar
concentration of the complex, free cation, and free ligand,
respectively and f represents the activity coefﬁcient of the spe-
cies indicated. Under the highly dilute conditions used in this
investigation, the activity coefﬁcient of the uncharged ligand,
fL can be reasonably assumed as unity (Takeda, 1983). Thus
the complex formation constant in terms of molar conductance
can be expressed as:
Kf ¼ ½MLnþ=½Mnþ½L ¼ KM  Kobs=Kobs  KML ð3Þ
where
CL ¼ CMðKM  KobsÞ=ðKM  KMLÞ ð4Þ
Here KM is the molar conductance of the metal ion before
addition of the ligand, KML is the molar conductance of the
complexed ion, Kobs is the molar conductance of the solution
during titration, CL is the analytical concentration of the L
added, and CM is the analytical concentration of the metal
ion. The complex formation constant, Kf, and the molar con-
ductance of the complex, KML, were obtained by computer ﬁt-
ting of Eqs. (3) and (4) to molar conductance as a function of
the ligand/metal cation mole ratio data, using a non-linear
Table 1 LogKf values of the (C18H36N2O6ÆUO2)
+2 complex in binary mixed non-aqueous solvents at different temperatures.
Medium LogKf ± SD
a
15 C 25 C 35 C 45 C
AN–DMF
Pure AN 5.0 ± 0.2 5.0 ± 0.4 5.2 ± 0.2 5.3 ± 0.2
75% AN–25% DMFb d d d d
50% AN–50% DMFb d d d d
25% AN–75% DMFb 4.2 ± 0.1 4.0 ± 0.1 3.0 ± 0.1 3.3 ± 0.6
Pure DMF 4.1 ± 0.0 3.7 ± 0.1 3.1 ± 0.1 2.7 ± 0.4
AN–THF
Pure AN 5.0 ± 0.2 5.0 ± 0.4 5.2 ± 0.2 5.3 ± 0.2
75% AN–25% THFb 4.3 ± 0.1 4.4 ± 0.1 4.3 ± 0.1 4.2 ± 0.1
50% AN–50% THFb 4.1 ± 0.0 4.1 ± 0.1 4.0 ± 0.1 4.1 ± 0.1
25% AN–75% THFb 4.1 ± 0.1 4.3 ± 0.0 4.2 ± 0.15 4.0 ± 0.1
Pure THF 4.9 ± 0.2 4.9 ± 0.2 4.8 ± 0.1 4.7 ± 0.2
AN–DCM
Pure AN 5.0 ± 0.2 5.0 ± 0.4 5.2 ± 0.2 5.3 ± 0.2
75% AN–25% DCMb 4.6 ± 0.1 4.6 ± 0.1 4.8 ± 0.8 4.5 ± 0.1
50% AN–50% DCMb 4.6 ± 0.1 4.6 ± 0.1 4.5 ± 0.1 4.3 ± 0.1
25% AN–75% DCMb 4.8 ± 0.1 4.4 ± 0.1 4.4 ± 0.1 4.4 ± 0.1
Pure DCM c c c c
a SD = standard deviation.
b The composition of the mixed solvents is in mol% of each solvent.
c The salt is not dissolved.
d The date cannot be ﬁtted into equation.
Figure 2 Molar conductance–mole ratio plots for
(C18H36N2O6ÆUO2)
2+ complex in AN–DCM binary solution
(%mol AN= 75) at different temperatures (¤ – 15 C, d –
25 C, m – 35 C, n – 45 C).
Figure 3 Molar conductance–mole ratio plots for
(C18H36N2O6ÆUO2)
2+ complex in AN–THF binary solutions
(%mol AN= 75) at different temperatures (¤ – 15 C, d –
25 C, m – 35 C, n – 45 C).
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lated stability constants are summarized in Table 1. The details
of the calculation of the stability constants of the metal ion
complexes by the conductometric method have been described
elsewhere (Rounaghi et al., 1997).
4. Results and discussion
The complex formation between C18H36N2O6 and the UO
2þ
2
cation in AN–DMF, AN–THF and AN–DCM binary mix-
tures was investigated by molar conductance changes upon
addition of the ligand to the UO2þ2 cation solution at 15, 25,
35 and 45 C. Some of the resulting molar conductance (KM)
versus macrocycle to UO2þ2 molar ratio ([L]t/[M]t) plots are
shown in Figs. 2 and 3. As is evident from these ﬁgures, addi-
tion of C18H36N2O6 to a solution of the UO
2þ
2 cation in AN–
DCM (mol% AN= 75) and in AN–THF (mol% AN= 75)
binary mixtures at different temperatures results in an increase
in molar conductivity with an increase in the ligand concentra-
tion which indicates that the (C18H36N2O6ÆUO2)
2+ complex is
more mobile than the free solvated UO2þ2 cation. Similar
behavior was observed for the other solvent systems.
The slope of the corresponding molar conductivity versus
ligand/cation mole ratio plots changes at the point where the
ligand to cation mole ratio is about 1, which is evidence for
the formation of a relatively stable 1:1 complex. The role ofFigure 4 Molar conductance–mole ratio plots for complex
formation between C18H36N2O6 and UO
2þ
2 in AN–DMF binary
solutions (%mol AN= 75) at different temperatures (¤ – 15 C,
d – 25 C, m – 35 C, n – 45 C).solvent in complex formation reactions is convenient to discuss
in terms of relationships between the stability constants of the
complexes and the compositions of the mixed solvents
(Rounaghi et al., 2002). For example, in the case of an aqueous
non-aqueous binary mixed solvent solution, we can use the fol-
lowing equations:
logKex½MLnþ ¼ logKe½MLnþ  logKad½MLnþ ð5Þ
logKad½MLnþ ¼ logKH2O½MLnþ þ Xs=Xs;maxðlogKs;max ½MLnþ  logKH2O½MLnþ ð6Þ
Here Kexp[ML]
n+ is the experimental stability constant of
the complex in the binary mixed solvent with mole fraction
Xs of the non-aqueous solvent, Kex[ML]
n+ is the additive sta-
bility constant, KH2O[ML]
n+ is the stability constant of the
complex in water, Ks,max[ML]
n+ is the stability constant in
the mixed solvent with the maximum mole fraction of the
non-aqueous component, and Xs,max is the maximum mole
fraction of the non-aqueous solvent in the mixture, where
Kexp[ML]
n+ can be determined.
The results obtained for the complexation process between
the UO2þ2 cation and C18H36N2O6 show that the stoichiometry
of the complex formed between the ligand and the UO2þ2 cat-
ion is effected by the nature of the solvent systems. As evident
from Fig. 4, in the AN–DMF (mol% AN= 75) binary sys-
tem, addition of C18H36N2O6 to a solution of the cation at dif-
ferent temperatures causes molar conductivity to initially
decrease until the molar ratio reaches 1:1 and then to increase.
Similar behavior was observed in the case of AN–DMF binary
mixed solvent with 50 mol% of AN. Such behavior may be de-
scribed according to the following equilibria:
ðUO2þ2 ;NO3 Þ þ C18H36N2O6 $ ðC18H36N2O6 UO2þ2 ÞNO3 ð7Þ
ðC18H36N2O6 UO2þ2 ÞNO3 þ C18H36N2O6 $ ½ðC18H36N2O6Þ2 UO2þ2  þNO3 ð8Þ
It seems that the addition of the ligand to the cation solu-
tion results in the formation of a relatively stable 1:1 (M:L)
complex (Eq. (7)), in which the mobility of the solvated com-
plex is close to the mobility of the free solvated UO2þ2 cation,
then the addition of the second ligand to the 1:1 [M:L] com-
plex, causes the formation of a 1:2 [M:L] complex with a sand-
wich structure (Eq. (8)), which is less solvated than the 1:1
complex in dimethylformamide solutions and, therefore, con-
ductivity increases.
The logKf values in Table 1 show that the stability constant
of the (C18H36N2O6ÆUO2)
2+ complex is larger in acetonitrile
than dimethylformamide. The solvation of the ligand and the
metal cation is inﬂuenced by the donor ability and dielectric
constant of the solvent. It is known that the donor ability
and the dielectric constant of the solvent play an important
role in complexation reactions (Gutmann, 1978; Rounaghi
et al., 2002). In a solvent with a high solvating ability (high do-
nor number) such as DMF (DN= 26.6), complex formation
tends to be weak, since the solvent solvates the cation strongly
and competes with the ligand for the metal cation, but in sol-
vents with lower donicity such as acetonitrile (DN= 14.1), the
relatively poorer solvating ability of this solvent leads to an in-
crease in the stability constant. Therefore, there is actually an
inverse relationship between the stability of the complex and
the donor ability of these organic solvents.
The changes of logKf of the (C18H36N2O6ÆUO2)
2+ complex
versus the mole fraction of THF in the AN–THF binary sys-
tem at different temperatures are shown in Fig. 5. As shown
in this ﬁgure, the change of the stability constant (logKf) of
the (C18H36N2O6ÆUO2)
2+ complex with the composition of
Figure 5 Changes of stability constant (logKf) of (C18H36N2O6ÆUO2)
2+ complex with the mole fraction of THF in AN–THF binary
solvent solution at different temperatures (¤= 15 C, n= 25 C, m= 35 C, ·= 45 C).
Table 2 Thermodynamic parameters for the
(C18H36N2O6ÆUO2)
+2 complex in binary mixed solvents.
Medium DGc  SDa DH

c  SDa DS

c  SDa
(kJ/mol) (kJ/mol) (J/mol.K)
AN–DMF
Pure AN 28.3 ± 0.9 11.8 ± 1.8 55.4 ± 5.5
25% AN–75% DMF 22.8 ± 0.4 6.8 ± 0.6 53.4 ± 0.0
Pure DMF 21.3 ± 0.5 1.9 ± 1.0 65.1 ± 0.0
AN–THF
Pure AN 28.3 ± 0.9 11.8 ± 1.8 55.4 ± 5.5
75% AN–25% THF 25.6 ± 0.4 12.4 ± 1.2 8.4 ± 0.0
50% AN–50% THF 22.6 ± 0.3 13.2 ± 0.8 31.5 ± 0.5
25% AN–75% THF 24.5 ± 0.3 6.8 ± 0.6 59.3 ± 1.8
Pure THF 28.1 ± 0.0 b b
AN–DCM
Pure AN 28.3 ± 0.9 11.8 ± 1.8 55.4 ± 5.5
75% AN–25% DCM 26.4 ± 4.8 10.7 ± 1.4 52.7 ± 0.1
50% AN–50% DCM 26.2 ± 8.8 b b
25% AN–75% DCM 25.3 ± 10.0 9.6 ± 1.0 52.9 ± 0.0
a Standard deviation.
b With high uncertainty.
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behavior was also observed in the other binary solvent solu-
tions. The non-monotonic behavior which is observed between
logKf and the composition of the mixed solvent solutions is
due to solvent–solvent interactions between the constituent
solvents which form the mixed solvent systems. The interactionbetween the solvent molecules in some binary mixed solvents
has been studied (Krestov et al., 1994). For example, mixing
of acetonitrile with dimethylformamide induces the mutual
destruction of dipolar structures of these dipolar aprotic sol-
vents and the release of the free dipoles (Rounaghi et al.,
2007). As a result, a strong dipolar interaction between aceto-
nitrile and dimethylformamide molecules is expected. In addi-
tion to solvent–solvent interactions, the preferential solvation
of the cation, ligand and complex and also heteroselective sol-
vation of these species in the binary mixed solvent solutions
may be effective in non-linear relationship between logKf
and the composition of the mixed solvents. The effect of prop-
erties of AN–H2O and other organic-water binary mixtures on
the solvation enthalpy of 15C5 and some of the other crown
ethers has been studied by Jozwaik (2004), and it has been
shown that the crown ethers are preferentially solvated by or-
ganic solvents and it has been discussed that in these mixed sol-
vents, the energetic effect of the preferential solvation depends
quantitatively on the structural and energetic properties of the
mixtures. Preferential solvation of ions by one of the compo-
nents of a mixed solvent system depends on two factors: the
relative donor–acceptor abilities of the component molecules
toward the ion and the interactions between solvent molecules
themselves. The solvating properties of the components in
mixed solvents can even be signiﬁcantly modiﬁed by solvent–
solvent interactions when the energy of the latter is compara-
ble with the energy difference of solvent–ion interactions for
both components (Szymanska-Cybalska and Kamienska-
Piotrowicz, 2006).
Assuming that the activity coefﬁcients of the cation and the
complex have the same values, Kf, is a thermodynamic equilib-
S588 G.H. Rounaghi et al.rium constant on the molar concentration scale, related to the
Gibbs energy of the complexation reaction, DG

c. The van’t
Hoff plots of ln Kf versus 1/T in all cases were linear. The
changes in the standard enthalpy (DH

c) for the complexation
of C18H36N2O6 with the UO
2þ
2 cation were obtained from
the slope of the van’t Hoff plots assuming that DCp is equal
to zero over the entire temperature range investigated. The
changes in standard entropy (DS

c) were calculated from the
relationship (DG

c;298:15 ¼ DH

c  298:15DS

c). The experimental
values of standard enthalpy (DH

c) and standard entropy
(DS

c) which are given in Table 2, show that in most cases,
the complex is enthalpy stabilized and in all cases entropy
stabilized.
As expected, the values of DH

c and DS

c depend strongly on
the nature and composition of the mixed solvents. The value
and the sign of the standard entropy changes are expected to
vary with different parameters, such as changes in ﬂexibility
of the macrobicyclic ligand during the complexation process
and the extent of cation–solvent, ligand–solvent and also the
complex–solvent interactions. As is evident from Table 2, the
standard thermodynamic parameters (DH

c and DS

c) change
non-monotonically with the composition of the mixed sol-
vents. Since there are many parameters which contribute to
the changes of enthalpy and entropy of the complextion reac-
tions, we should not expect to observe a monotonic behavior
between these thermodynamic quantities and the solvent com-
position of these binary solvent solutions.Acknowledgment
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